weightless, hindlimb suspension, muscle atrophy, L-carnitine, musclespecific ubiquitin E3 ligases https://mc06.manuscriptcentral.com/apnm-pubs and pair-fed group adjusted hindlimb suspension. L-carnitine administration for 2 weeks of hindlimb suspension alleviated the decrease in weight and fiber size in the soleus muscle. In addition, Lcarnitine suppressed atrogin-1 mRNA expression, which has been reported to play a pivotal role in muscle atrophy. The present study shows that L-carnitine has a protective effect against soleus muscle atrophy caused by hindlimb suspension and decreased E3 ligase mRNA expression, suggesting the possibility that L-carnitine protects against muscle atrophy, at least in part, through the inhibition of the ubiquitin proteasome pathway. These observations suggest that L-carnitine could serve as an effective supplement in the decrease of muscle atrophy caused by weightlessness, in the fields of clinical and rehabilitative research.
Introduction
Skeletal muscle atrophy is commonly associated with a decrease in protein synthesis and an increase in protein degradation, or by simultaneous changes in both processes; it occurs in a variety of conditions leading to catabolism, such as prolonged periods of bed rest, immobilization, denervation, weightless (Herningtyas et al. 2008; Zhang et al. 2007 ). In particular, injuries that occur in the sports field, such as ligament injury, fracture, and cartilage damage, often necessitates prolonged inactivity or immobilization, which is accompanied with muscle atrophy. Characteristics of muscle atrophy include reduced muscle fiber size and weight and a general shift from slow twitch to fast twitch muscles, which lead to decreased muscle quality and fatigue resistance and can affect health and physical function (Cohen et al. 2009; Jackman and Kandarian 2004; Servais et al. 2007 ).
Therefore, it is important to find a nutritional intervention for minimizing reduced muscle function during weightlessness, after musculoskeletal injury.
In muscle atrophy caused by catabolic conditions, such as cancer, diabetes, denervation, and disuse atrophy, muscle protein is degraded mainly by the ubiquitin proteasome pathway (UPP) (Jagoe et al.
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(muscle ring finger 1), both of which are muscle-specific ubiquitin E3 ligases, have been shown to significantly increase muscle during atrophy. The functional importance of 2 genes was identified in multiple models of skeletal muscle atrophy. Mice lacking both atrogin-1 and MuRF1 show normal growth curves and skeletal muscle weight induced by denervation. Moreover, deletion of MuRF1 mice attenuates the dexamethasone induced muscle atrophy and knockdown of MAFbx mice reduces muscle atrophy during fasting. Therefore, these data suggest that both E3 ligases from the ubiquitin proteasome pathway in skeletal muscle atrophy can be considered as reliable markers (Bodine et al. 2001; Cohen et al. 2009; Gomes et al. 2001 ).
L-carnitine is mostly stored in the muscle and is an essential factor for normal tissue function. Its most well-documented function is the translocation of long-chain fatty acids from the cytosol into the mitochondrial matrix for subsequent ß-oxidation (Kerner and Hoppel 2000; McGarry and Brown 1997) . Recently, L-carnitine administration was found to suppress the gene expression of ubiquitin proteasome pathway in growing pigs (Keller et al. 2012 ) and growing rats (Keller et al. 2013 ).
Furthermore, it has been reported that L-carnitine down-regulates atrogin-1 and MuRF1 mRNA expression and reduces muscle wasting in a rat model of cancer cachexia (Busquetes et al. 2012 ). Lcarnitine administration can increase the level of insulin-like growth factor-1 (IGF-1) (Keller et al., D r a f t prolonged hindlimb suspension via the activation of Akt1/mTOR or inhibition of UPP. To examine this hypothesis, we selected hindlimb suspension induced muscle atrophy of growing rats as a model of weightless muscle atrophy.
Materials and Methods
Animals
Male Wistar rats were purchased from Orient Bio (Seongnam, Korea) at 6 weeks of age (n = 21; mean weight = 286 g). All animals were housed in a climate controlled room in a 12 h light/dark cycle, and were fed rat chow and water ad libitum during the entire experimental period. All experimental procedures were carried out with the approval of the Institutional Animal Care and Use Committee of Konkuk University. The protocol was approved by the Committee on the Ethics of Animal Experiments of the Konkuk University (Permit number: KU11055-3).
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Hindlimb suspension
The procedure of hindlimb suspension was performed according to the non-invasive method described by Morey-Holton and Globus (2002) . Briefly, the tail of each rat was cleaned with 70% ethanol and then sprayed with a generous amount of adhesive to increase the adhesive forth (Mueller Sports Medicine Inc., Germany). After this, the tail was wrapped with an elastic tape (5cm width) and suspended at the top of the cage. Each rat was allowed 360° rotation and was permitted to move freely through the use of its forelimbs for access to food and water. The rats were suspended at a ~30° angle head-down tilt to avoid contact between the hindlimbs and the ground.
Sample collection
After 14 days of hindlimb suspension, rats were killed under avertin-induced anesthesia. For analysis, soleus and extensor digitorum longus (EDL) muscle samples were excised. All muscle samples from both the left and right hindlimb were weighed. The muscles from the left side were immediately frozen in liquid nitrogen; those from the right side were covered with O.C.T. compound and quickly frozen in liquid nitrogen-cooled isopentane for immunohistochemistry analysis. All muscle samples were then stored at -80°C until used.
Immunohistochemistry
For analysis of fiber type and size, muscle specimens from the right soleus of each rat were rapidly frozen in liquid nitrogen-cooled isopentane and sectioned to a thickness of 10 µm on a cryostat at -20°C. The muscle sections were air-dried and then washed with PBS, and placed in 0.3% H 2 O 2 for 10 min. After blocking with 1% skim milk, the samples were then incubated with diluted mouse antimyosin fast skeletal antibody (MY-32) (1:500, Novus, CO, USA) overnight at 4°C and subsequently 
Total RNA extraction and reverse transcription
Total RNA from soleus muscles was extracted using Trizol reagent (Life Technologies Inc.) in accordance with the manufacturer's protocol. Samples were treated with DNase, chloroform extract, and re-suspended in 20µl RNase-free water. cDNA was synthesized from 1 µg of the total RNA using cDNA Synthesis Master Mix (GenDEPOT, CA, USA). Subsequently, RT-PCR was performed using amfico Taq DNA polymerase (GenDEPOT, CA, USA). The primer sequences are shown in Table 1 . Table 1 Western blotting Soleus muscle was homogenized using homogenization buffer and homogenizer. Homogenates were centrifuged at 4°C and 12,000 rpm for 15mins, and then total protein concentration of the supernatants was determined using Bradford method. The samples were boiled at 95°C for 5minutes.
The position of
For each sample, a total protein concentration of 30 µg was resolved by SDS-PAGE, using 6% (mTOR and p-mTOR), 12% (Akt1 and p-Akt1) gels, and transferred to polyvinylidene fluoride (PVDF) membranes at 100 volt for 2 h. After the membrane was blocked for 1 h with 5% skimmed milk, the primary antibodies, including Akt (#9272), p-AKT (Ser473) (#4508), mTOR (#2972), pmTOR (Ser2448) (#29671, Cell signaling technology, MA, USA, dilution 1:1000) were incubated in D r a f t 8 a 5% BSA solution during overnight at 4°C. After overnight incubation at 4°C, the membrane washed with TBS-T and incubated with a donkey anti-rabbit IgG H&L (HRP) (ab6802, Abcam, Cambridge, UK, dilution 1:1000) at room temperature for 1 h. Immunodetection was carried out with ECL detection reagent (GE healthcare, Buckingham, UK). The protein amount analysis was performed using Image J software (National Institutes of Health).
Data analysis
All data are presented as the mean ± SE. All statistical analyses were performed with SPSS version 19.0 software (SPSS, Inc., Chicago, IL, USA). One-way repeated ANOVA was used to determine overall differences. A LSD post hoc test was used to determine group differences. A p-value of <0.05 denoted statistical significance.
Results
Food intake and body weight
Since the pair-fed group's condition was maintained for 14 days in order to eliminate interference due to dietary differences, food consumption between this group and both hindlimb suspension groups did not differ (Fig. 1A) . However, there were significant differences in the mean body weight after hindlimb suspension between the control group and both hindlimb suspension groups. The control group showed increased body weight during the 14 days, but both hindlimb suspension groups displayed slight increase after hindlimb suspension (Fig. 1B) .
The position of Figure 1 
Soleus and EDL muscle weight
During hindlimb suspension, the soleus muscle weight reduced in both hindlimb suspension and D r a f t hindlimb suspension with L-carnitine administration groups, compared to controls (48% and 37%, respectively). However, the L-carnitine administration group tended to be 21% higher than the hindlimb suspension group in soleus muscle weight to body weight ratio, though this was not statistically significant (p = 0.059) (Fig. 2A) . The EDL muscle weight to body weight ratio did not differ between groups (Fig. 2B) .
The position of Figure 2
Muscle fiber size Immunohistochemistry staining of fast myosin heavy chain (MY-32) was performed on soleus muscle fibers for a representative control and hindlimb suspension groups, with and without Lcarnitine at 14 days after hindlimb suspension (Fig. 3A) . After hindlimb suspension, soleus muscle fiber size significantly reduced in hindlimb suspension and hindlimb suspension with L-carnitine administration groups, compared to the control group (46% and 34%, respectively). However, the Lcarnitine significantly attenuated total and type I and type II muscle fiber size decrease in soleus muscle (Fig. 3B, C and D) .
The position of Figure 3
Distribution of muscle fiber size There were differences in the size distribution of total and individual soleus muscle fiber types between hindlimb suspension and hindlimb suspension with L-carnitine administration groups. In the hindlimb suspension group, the distribution of total and type I and II fiber size shifted left (i.e., to a smaller size), compared to the hindlimb suspension with L-carnitine administration group (Figs. 4A, 
B and C).
The position of Figure 4 Atrogin-1 and MuRF1 mRNA levels induced by hindlimb suspension D r a f t
To elucidate whether the muscle specific E3 ubiquitin ligases are inhibited by L-carnitine on hindlimb suspension-induced muscle atrophy, we measured atrogin-1 and MuRF1 mRNA expression in soleus muscles. L-carnitine significantly attenuated the atrogin-1 mRNA expression compared to that noted in the hindlimb suspension group (Figs. 5A) but did not significantly attenuate the MuRF1 mRNA expression (Fig. 5B) in the soleus muscle (p=0.074).
The position of Figure 5 Akt1 and mTOR mRNA levels induced by hindlimb suspension
To determine whether Akt1/mTOR pathway is affected by L-carnitine, we measured the Akt1 and mTOR mRNA levels in soleus muscles. After hindlimb suspension for 14 days, these were significantly reduced compared to the control group, but there was no difference between both hindlimb suspension groups (Fig. 6 A and B) The position of Figure 6 phosphorylated mTOR protein level induced by hindlimb suspension
To determine whether Akt1/mTOR pathway is affected by L-carnitine, we measured the ratios of phospho-Akt1 to total Akt1 and phospho-mTOR to total mTOR protein levels in soleus muscles.
After hindlimb suspension for 14 days, the ratios of phospho-mTOR (Ser2448) to total mTOR protein levels significantly reduced in hindlimb suspension group compared to the control group but not L-carnitine group. However, the L-carnitine administration group tended to higher than the hindlimb suspension group, though this was not statistically significant (Fig. 7 A) . And we also measured the ratio of phospho-Akt1 to total Akt1 protein levels, but phosphorylation of Akt1 (Ser473) was not detected in all groups.
The position of Figure 7
Discussion Morey-Holton and Globus (2002) reported that food consumption may decrease and then increase D r a f t for a few days during the experiment, and that body weight would stabilize or slightly increase throughout the 14 days of hindlimb suspension (Ishihara et al. 2004) . In this study, body weight gain in both groups slightly increased for the 14 days of hindlimb suspension and food intake decreased for the first 2 days, showing a tendency to increase again after the first 3 days. Our findings are consistent with previous research, which showed that, in growing rats without a catabolic condition, L-carnitine administration did not influence food intake or body weight gain in growing rats (Keller et al. 2013 ).
In the present study, hindlimb suspension reduced the weight of the soleus muscle but not the EDL muscle, in both hindlimb suspension groups. However, soleus muscle weight loss was not due to body weight loss, because muscle weight loss occurred in only the soleus muscle and not the EDL muscle. It has been well established that compared to the EDL muscle, the soleus muscle shows more pronounced atrophy when the individual is subjected to hindlimb suspension; this is because hindlimb suspension primarily affects slow-twitch and anti-gravity muscles such as the soleus muscle (Desplanches et al. 1987 , Fitts et al. 2000 , Hurst and Fitts 2003 , which is consistent with our results. Although these results are consistent with our findings, administration of L-carnitine still reduced the soleus muscle weight during hindlimb suspension compared to the hindlimb suspension group lacking L-carnitine.
To the best of our knowledge, this is the first study investigating the morphological adaptation of soleus muscle after hindlimb suspension corresponding to L-carnitine administration in growing rats.
We found that L-carnitine administration leads to the prevention of decrease in muscle fiber size during hindlimb suspension. Moreover, the L-carnitine administration group showed a tendency to retain a larger fiber size compared with the hindlimb suspension group for total, type I, and type II fibers. This finding agrees with a recent study using other nutritional interventions such as BCAAs and vitamin E. Servais et al. (2007) showed that hindlimb suspension led to a decrease in the size of type I (~59%) and II (~42%) fibers, and vitamin E supplementation decreased the rate of muscle D r a f t proteolysis by reducing the expression of calpains, caspases-3, -9, and -12, and E 3 ubiquitin ligases (MuRF1 and MAFbx). Furthermore, Maki et al. (2012) reported that BCAA administration partly prevented (15%) the decrease in soleus muscle fiber size compared to the control group, during 14 days of hindlimb suspension. Therefore, L-carnitine appears to have the potential to prevent muscle atrophy in rats during hindlimb suspension, similar to other nutritional interventions such as BCAA and vitamin E.
The ubiquitin proteasome pathway (UPP), known as a primary pathway, is associated with disuse muscle atrophy (Jagoe and Goldberg 2001; Lecker et al. 2004; Price 2003) . In the muscle, UPP is controlled by 2 muscle-specific ubiquitin E3 ligases, such as atrogin-1 and MuRF1, both of which are involved in protein degradation in muscle and are increased in muscle atrophy (Bodine et al. 2001; Gomes et al. 2001; Lecker et al. 2004 ). The induction of two muscle-specific E3 ligases mRNA expression is significantly increased in early phase during hindlimb suspension. However, the activation was transient, fading away after 7 days of hindlimb suspension (Cannavino et al. 2014) . In this study, after 14 days of hindlimb suspension, there were significant MuRF1 down-regulation in both hindlimb suspension groups, whereas atrogin-1 mRNA expression was lower in only L-carnitine administration group compared to control group. Although, we did not observe the change of E3 ligases in early phase of hindlimb suspension, this results similar to previous study. And, recent studies have shown that L-carnitine administration reduced the muscle-specific E3 ligase expression (atrogin-1 and MuRF1) in the skeletal muscle (Busquetes et al. 2012; Keller et al. 2012; Keller et al. 2013) . In this study, we found that L-carnitine administration significantly suppressed the expression of the muscle-specific E3 ligases, especially atrogin-1 mRNA expression in soleus muscle, compared to the hindlimb suspension group. This result is in agreement with recent studies. Keller et al. (2012) showed that L-carnitine administration reduced atrogin-1 and MuRF1 mRNA levels in the skeletal muscle of growing pigs, and Busquetes et al. (2012) reported that L-carnitine decreased MuRF1 mRNA expression in the gastrocnemius muscle of rats suffering from cancer cachexia. Although the D r a f t 13 underlying mechanism by which L-carnitine decrease muscle-specific E3 ligases levels is not fully understand, L-carnitine successfully decreases weightless muscle atrophy induced by hindlimb suspension, at least in part, through the inhibition of E3 ligase mRNA expression, especially that of atrogin-1.
Furthermore, recent studies confirmed that L-carnitine administration increases plasma IGF-1 concentration in chicks (Kita et al. 2002 ), pigs (Doberenz et al. 2006 , and rats (Heo et al. 2001 ).
Increase in IGF-1 activates a protein synthesis pathway, called the Akt/mTOR signaling pathway.
The binding of IGF-1 to its receptor triggers the activation of this downstream signaling pathway.
The Akt/mTOR pathway is up-regulated during hypertrophy and down-regulated during muscle atrophy (Bodine et al. 2001) . Furthermore, the IGF-1/Akt/mTOR pathway decreases muscle atrophy via the inhibition of the muscle-specific E3 ligase transcription factor family, known as the forkhead box-O transcription factors (FoxOs) (Boister et al. 2003; Glass et al. 2003; Manning et al. 2007; Stitt et al. 2004 ). Thus, we examined whether Akt/mTOR pathway is affected by L-carnitine during hindlimb suspension in mRNA and protein levels. In this study, Akt1 and mTOR mRNA expression significantly reduced in both hindlimb suspension groups, but did not L-carnitine attenuate the decrease of Akt1 and mTOR mRNA level compared to the hindlimb suspension group. And Lcarnitine tended to higher than the hindlimb suspension group in phospho-mTOR (Ser2448) to total mTOR protein level, though this was not statistically significant. Also, we measured the phospho-D r a f t
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In conclusion, this study provides evidence for the significant effects of L-carnitine administration on the prevention of muscle atrophy through the suppression of UPP without the activation of Akt1/mTOR signaling pathway during weightlessness in growing rats. However, we did not investigate the dose-response of L-carnitine. Further studies are needed to examine dose-response relationships and assess whether similar effects can also be observed in humans. Our data shows that L-carnitine has a protective effect against soleus muscle atrophy caused by hindlimb suspension and it decreased E3 ligase mRNA expression without activating Akt/mTOR pathway, suggesting the possibility that L-carnitine protects against muscle atrophy, at least in part, through the inhibition of the UPP. These observations suggest that L-carnitine could serve as an effective supplement in the prevention or treatment of muscle atrophy caused by weightlessness in the fields of clinical and rehabilitative research.
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